Introduction
Rhabdomyosarcomas are the most common soft tissue sarcomas of childhood (Arndt and Crist, 1999) . The alveolar subtype of rhabdomyosarcoma is a paradigm for refractory and incurable solid tumors because more than half of the children at diagnosis have either regional lymph node or distant metastases. Little is known about the mechanism of progression in this disease, and the outcome for metastatic alveolar rhabdomyosarcoma has been dismal for the past two decades despite improvements in surgical technique, radiation delivery and chemotherapy intensification (Arndt and Crist, 1999) . Understanding the mechanisms of progression and metastasis is paramount to designing better therapies.
We have generated conditional mouse models of alveolar rhabdomyosarcoma by re-creating the mutations that are hallmarks of this sarcoma (Keller et al., 2004a, b) . In humans, alveolar rhabdomyosarcoma are nearly always associated with a chromosome rearrangement (translocation) fusing a Pax gene (either Pax3 or Pax7) to the Fkhr gene, thereby forming a chimeric transcription factor that acts as an oncogene (Arndt and Crist, 1999) . In addition, Cdkn2a or p53 tumor suppressor mutations accompany Pax3:Fkhr mutation in more than half of cases (Takahashi et al., 2004) . Our conditional knockin mouse models recapitulate these changes by simultaneously activating Pax3:Fkhr and inactivating either Cdkn2a or p53. These mice develop tumors that are as aggressive as advanced-stage human alveolar rhabdomyosarcoma (Keller et al., 2004a) .
To explore the factors responsible for disease progression, we previously performed gene expression analysis for human rhabdomyosarcoma biopsies at diagnosis from children enrolled in a clinical trial (Blandford et al., 2006) . From our study group of uniformly treated IRS-IV Study patients (Crist et al., 2001) , we confirmed that the known downstream targets of Pax:Fkhr were in fact enriched in Pax:Fkhr-positive alveolar rhabdomyosarcoma relative to their expression in nonalveolar rhabdomyosarcoma. Specifically, we found that mRNA levels of platelet-derived growth factor receptor A (PDGFR-A for the human gene and Pdgfr-a for the mouse gene) predicted decreased longterm disease-free survival when adjusted for known clinical covariates.
PDGFR-A is a receptor tyrosine kinase similar, but not identical in function, to the other PDGF receptor, PDGFR-B. PDGF signaling is mediated by a complex combination of homo-and heterodimeric receptors and ligands (Heldin and Westermark, 1999 ). Activation of PDGFR-A homodimers by ligands PDGF-AA or PDGF-CC is known to be required for formation of smooth muscle cells and other cell types (MacDonald et al., 2001 ). Furthermore, PDGFR-A is believed to mediate multiple cellular behaviors such as migration, proliferation and cell survival via activation of several downstream pathways including MAPK (Erk1/Erk2), PI3K/Akt and PLCg/PKC (Choudhury et al., 2000; Ricono et al., 2002; Mehrotra et al., 2004) .
Two malignancies of children, medulloblastoma and hypereosinophilic syndrome are already known to have aberrant PDGFR-A signaling that responds to PDGFR-A inhibition in vitro and/or clinically (Stover et al., 2005 (Stover et al., , 2006 . In these malignancies and in others, the emergence of receptor tyrosine kinase inhibitors that are partially or highly selective for PDGFR-A allows one to evaluate both the preclinical and clinical relevance of PDGFR-A signaling in a broad range of malignancies (Stover et al., 2006) . In this report, we investigate whether PDGFR-A is an important determinant of disease progression in alveolar rhabdomyosarcoma.
Results

PDGFR-A mRNA is overexpressed in human and mouse alveolar rhabdomyosarcoma
To determine the frequency of overexpression for PDGFR-A and its ligands in childhood muscle cancers, we compared expression by reverse transcription (RT)-PCR amongst normal human muscle, alveolar rhabdomyosarcoma and embryonal rhabdomyosarcoma (Supplementary Table 1 ). Both alveolar and embryonal rhabdomyosarcomas expressed the PDGFR-A receptor and its ligands PDGF-C and PDGF-A at one to two orders of magnitude greater than normal skeletal muscle ( Figure 1a) . In mice, quantitative RT-PCR revealed a strong correlative relationship between Pdgfr-a and Pdgf-c expression (Figure 1b) , suggesting a possible autocrine loop.
Using paired mouse preneoplastic tissues and tumor samples, we sought to determine the phase of tumor development when Pdgfr-a is upregulated. At the preneoplastic phase in Pax3:Fkhr expressing skeletal muscle, expressions of Pdgfr-a and its ligands Pdgf-a and Pdgf-c are low; however, expressions of all three are high for advanced primary tumors and metastatic tumors, which both express Pax3:Fkhr and lack p53 (Figure 1c ). This result led us to speculate that PDGFR-A expression was related to disease progression and/or that p53 loss of function was required for PDGFR-A transcriptional activation.
PDGFR-A protein is overexpressed in human and mouse alveolar rhabdomyosarcoma In order to confirm that PDGFR-A mRNA expression was also reflected at the protein level, and that expression of PDGFR-A was from the tumor cells and not the surrounding stroma or vessels, we performed immunohistochemistry on 73 human alveolar and embryonal rhabdomyosarcoma specimens (34 embryonal and 39 alveolar, respectively) as well as 20 mouse alveolar rhabdomyosarcoma (12 Pax3:Fkhr, p53 tumors and 8 Pax3:Fkhr, Cdkn2a tumors). As a positive control for overexpression we used ovarian carcinoma for which PDGFR-A has shown to be involved in an autocrine loop linked to metastatic progression (Matei et al., 2006; Figure 2a) . Ovarian carcinoma demonstrated diffuse moderate staining, equal to or less than all (100%) of the human embryonal and alveolar rhabdomyosarcoma tumors tested (Figure 2a) . Mouse alveolar rhabdomyosarcomas also demonstrated Pdgfr-a expression at a level above or exceeding ovarian carcinoma (Figure 2a ). Thus, PDGFR-A expression at the protein level was validated for both alveolar and embryonal human rhabdomyosarcomas, and the mouse model was confirmed to reflect this characteristic of human tumors. In young mouse skeletal muscle (postnatal days 12 and 30), satellite cells also showed intense staining (Figure 2a ), which has not been previously reported.
To demonstrate that PDGFR-A protein was not only present but also activated, we examined Pdgfr-a tyrosine kinase activity and phosphatidylinositol 3 kinase (PI3K) activity by Pdgfr-a immunoprecipitation assay on paired mouse skeletal muscle and tumor samples. Both Pdgfr-a and PI3K were highly activated in primary tumors and paired metastatic tumors relative to normal skeletal muscle (Figure 2b ). Thus, Pdgfr-a is not only uniformly expressed in rhabdomyosarcoma, but this receptor tyrosine kinase is also activated.
PDGFR-A is a transcriptional target of Pax3:Fkhr Epstein et al. (1998) previously reported that Pdgfr-a is a direct transcriptional target of Pax3:Fkhr in vitro via a response element upstream of the mouse Pdgfr-a transcriptional initiation site. This region has 87.4% identity between mouse and human, including conservation of sequence and spacing for a Pax3-paired domain DNA binding site (AGTCACGCCTAGCCT) (Figure 3a , boxed) and a Pax3 homeodomain DNA binding site (core ATTA consensus sites) (Figure 3a , underlined) located in a region 657 base pairs (bp) upstream of the Pdgfr-a start site. Earlier in our study, we found no elevation of Pdgfr-a expression in vivo for Pax3:Fkhr-expressing, p53 wild-type preneoplastic skeletal muscle (Figure 1c ). To test whether p53 loss of function was required for Pax3:Fkhr activation of Pdgfr-a, we performed transfection reporter assays in p53-deficient mouse embryonic fibroblasts (MEFs). We found that activity from the 657 bp promoter increased in a dose-dependent manner (up to 18-fold) with increasing concentrations of transfected Pax3:Fkhr (but not Pax7:Fkhr), and that transfection of wild-type p53 abrogated the effects of Pax3:Fkhr (Figure 3b ). To understand why Pdgfr-a expression would require the absence of p53, we examined the 657 bp promoter region for a canonical p53 binding consensus site (RRRCWWGYYY) but found none. However, an indirect Pax3:Fkhr-p53 interaction is feasible given reports of Pax3-p53 genetic interactions in embryonic development (Pani et al., 2002) and given reports of promoter competition in vitro (Underwood et al., 2007) . Taken altogether, these data suggested an explanation of Pdgfr-a transcriptional activation in alveolar rhabdomyosarcoma.
Mouse rhabdomyosarcoma cell lines reflect Pdgfr-a activation in mouse primary tumors To dissect Pdgfr-a signaling pathway in alveolar rhabdomyosarcoma in vitro, we had established alveolar rhabdomyosarcoma primary tumor cell cultures (U21075 and U21089) from biopsies taken at necropsy for mice with advanced primary tumors. To characterize the steady state for mouse rhabdomyosarcoma cell lines for our studies, we examined expression of Pdgfr-a, its ligands Pdgf-a and Pdgf-c, and activation status of Pdgfr-a as well as potential downstream molecules mitogen-activated protein kinase (MAPK) and Akt. The murine tumor cell lines expressed high levels of Pdgfr-a protein relative to normal myoblast cell lines (C2C12; Figure 4a) . At the enzyme level, the tumor cell lines showed higher kinase activity of both Pdgfr-a and PI3K, as well as high level of phospho-Pdgfr-a, phospho-MAPK and phospho-Akt (the later two could be the direct or indirect result of Pdgfr-a activation; Figures 4b and c) . Thus, the primary tumor cell cultures 
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Downregulation of Pdgfr-a inhibits mouse tumor cell growth in vitro
To investigate whether imatinib mesylate, a partially selective PDGFR antagonist, inhibits growth of alveolar rhabdomyosarcoma, we treated mouse rhabdomyosarcoma primary cell cultures (U21075 and U21089) with imatinib (0.1-1000 mM). The growth of cell lines was inhibited by 40% at drug concentrations of 10 mM for 72 h (Figure 5a ; P ¼ 0.02 (U21075) and P ¼ 0.01 (U21089)). We also performed anchorage-dependent colony formation assays to determine the effect on early tumor cell growth, and 10 mM of imatinib completely inhibited cell growth in all tested cell lines including a mouse myoblast control cell line, C2C12 (Figure 5b ). (IB) for Pdgfr-a isolated from primary mouse tumors and metastases. Pdgfr-a has high direct tyrosine kinase activity as well as phosphatidylinositol 3 (PI3) kinase activity in these samples.
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We further confirmed that phosphorylation of Pdgfr-a, MAPK and Akt was inhibited in a dose-dependent manner (Figure 5c ), and that 10 mM imatinib effectively inhibited the phosphorylation of Pdgfr-a, MAPK and Akt.
Although these data were consistent with imatinib inhibiting the growth of alveolar rhabdomyosarcoma cell lines by Pdgfr-a inhibition, imatinib is not specific for PDGFR-A because it also inhibits other receptor tyrosine kinases, for example, PDGFR-B, c-Abl and c-Kit (Capdeville et al., 2002; Cools et al., 2003) . Therefore, to better test whether Pdgfr-a is an important effector of tumor growth, a mouse rhabdomyosarcoma cell line (U21089) was transfected with Pdgfr-a smallinterfering RNA (siRNA). We confirmed that the level of Pdgfr-a mRNA, but not of Pdgfr-b, was decreased by Effect of PDGFR-A in alveolar rhabdomyosarcoma E Taniguchi et al X90% at 100 nM of Pdgfr-a siRNA in both C2C12 (data not shown) and U21089 (Figure 5d ). Growth of U21089 showed 15-22% decrease in growth when treated with 100-1000 nM of Pdgfr-a siRNA for 72 h, whereas growth of C2C12 was not inhibited (Figure 5e ). Anchorage-independent colony formation was even more markedly inhibited at 100 nM of Pdgfr-a siRNA in both U21075 cells (40% inhibition) and U21089 cells (70% inhibition), whereas C2C12 was not inhibited (Figure 5f ). A similar case was seen for anchorage-dependent colony formation assay (data not shown). We found that endogeneous levels of Pdgfr-a, MAPK and Akt and their phosphorylated versions were decreased in a dose-dependent manner of Pdgfr-a siRNA, whereas endogeneous levels of Pdgfr-b were relatively unchanged (Figure 5g ). These results suggest that specific inhibition of Pdgfr-a efficiently suppresses mouse alveolar rhabdomyosarcoma cell growth in vitro. Consistent with these results from mouse tumor cell cultures, PDGFR-A siRNA in a human alveolar rhabdomyosarcoma cell line (Rh5) efficiently knocked down PDGFR-A and resulted in a 30-40% decrease in growth of tumor cells but not a control skeletal muscle cell line (SkMC; Supplementary  Figures 2d and e) . Altogether, these data indicate that tumor cell growth is imatinib inhibitable, and that PDGFR-A is an important target of imatinib for this disease.
To further delineate the mechanism by which Pdgfr-a inhibition leads to decreased rhabdomyosarcoma growth, we performed cell-cycle analysis and programmed cell-death analysis by fluorescenceactivated cell sorting in cells with Pdgfr-a knockdown. Treatment of rhabdomyosarcoma cells with 10 nM Pdgfr-a siRNA for 48 h induced a significant increase in annexin-V-positive/propidium iodide (PI)-positive cells from 8.3 to 21.6%, consistent with induction of late apoptotic/necrotic cell death (P ¼ 0.0037). Increase of the cleaved form of caspase-3 at 10 nM Pdgfr-a siRNA suggests that cell death caused by Pdgfr-a siRNA involves classical caspasedependent apoptosis (Supplementary Figures 3a-c) . To a lesser extent, elevated percentages of annexin-V-positive/PI-negative cells were also observed, reflecting early apoptotic cells. Cell-cycle distribution was not changed by treatment with Pdgfr-a siRNA (Supplementary Figure 3d) . These results suggest that Pdgfr-a signals to maintain cell survival rather than to induce cell-cycle progression in rhabdomyosarcoma cells.
Imatinib has significant therapeutic effects in the alveolar rhabdomyosarcoma mouse model To examine the potential therapeutic effect of Pdgfr-a inhibition in rhabdomyosarcoma progression in vivo, we treated 10 tumor-bearing Pax3:Fkhr, p53 mutant mice with imatinib at a dose of 50 mg/kg daily by oral gavage (Figures 6a-d) . Untreated tumors became 3-7 times their original size in 6 days (Figure 6a, untreated) . In contrast, 5 out of 10 mice treated with imatinib had partial responses or stabilization of disease, that is, no progression for 1-2 weeks (Figure 6b ). Two mice had only sustained stabilization of disease (Figure 6c ). 
Although animals became more ambulatory on treatment, serious side effects of imatinib were seen, for example, animals often lost more than 15-20% bodyweight (data not shown). For that reason, we attempted to lengthen the interval between doses. We found that short-term discontinuation of imatinib led to rapid tumor progression. Re-treatment resulted in an ability to stabilize disease, but did not cause regression. In another 3 out of 10 mice, initial stabilization of disease was followed by the gradual evolution of resistance ( Figure 6d ). The larger tumors (average initial tumor volume ¼ 0.48 ± 0.33 cm 3 ) were most responsive, suggesting an important role of Pdgfr-a signaling late in disease. Ironically, we found that most of the smaller tumors were more likely to evolve resistance (Figure 6d ). We also observed asynchronous response of primary tumors but resistance of metastases in the same animals (Supplementary Figure 1) . These findings implied that PDGFR-A is a potential therapeutic target in advanced alveolar rhabdomyosarcoma, but that preventing or addressing resistance will be essential.
Pdgfr-a neutralizing antibody recapitulates imatinib responses in vivo
The development of neutralizing antibody technology has allowed for the production of very specific targetdirected immunotherapies. To test the effect of specific inhibition of Pdgfr-a in alveolar rhabdomyosarcoma mouse models, we treated tumor-bearing mice with a Pdgfr-a neutralizing antibody at a dose of 1.25 mg/kg twice a week by intraperitoneal injection. For the control cohort of tumor-bearing mice, we injected normal goat immunoglobulin G (IgG) antibody. The tumors treated with normal goat IgG antibody became more than three times larger in 9 days and required early euthanasia. Mice treated with Pdgfr-a neutralizing antibody experienced stabilization of disease during the period before an alloreaction could develop against Effect of PDGFR-A in alveolar rhabdomyosarcoma E Taniguchi et al the neutralizing antibody (Figure 6e ; Supplementary Figure 4a ). Using quantum dot nanocrystal conjugated-Pdgfr-a neutralizing antibody, we confirmed that the neutralizing antibody could be targeted to tumor whereas it also accumulated in lung, lymph node and bladder (Supplementary Figure 4b) . These profound effects halting tumor progression further support an important role for PDGFR-A in tumor growth.
Discussion
In this report we evaluated PDGFR-A as a potential therapeutic target in pediatric alveolar rhabdomyosarcomas based on our previous finding that PDGFR-A expression was associated with decreased survival in this cancer (Blandford et al., 2006) . Pdgfr-a has been previously reported and now confirmed by the present Figure 6 Dramatic effect of imatinib and Pdgfr-a neutralizing antibody on rhabdomyosarcoma in vivo. Tumor-bearing mice were treated with imatinib at a dose of 50 mg/kg daily by oral gavage. Untreated tumors became 3-7 times their original size in 6 days (a). In contrast, imatinib lead to tumor regression in 5 of 10 cases (b) or halted tumor progression in 2 of 10 cases (c). Halted progression followed by evolution of resistance was observed in 3 of 10 cases (d). Note that tumors that tended to regress were in fact larger on average than tumors that only halted growth when treated with imatinib. (e) Quantitative growth inhibition in 3 out of 4 mice with spontaneously arising tumors that were treated with Pdgfr-a neutralizing antibody, but no effect of a dose-matched control immunoglobulin G (IgG) antibody in three different tumor-bearing mice. Tumor-bearing mice were treated with Pdgfr-a neutralizing antibody at a dose of 1.25 mg/kg twice a week by intraperitoneal injection. Tumor-bearing control animals were treated with normal goat IgG antibody at the same dose. The effect of tumor inhibition diminishes after 8-14 days, coinciding with the anticipated development of immune-mediated neutralization of the foreign Pdgfr-a neutralizing antibody. We speculate that if it were financially feasible to increase the dose of the neutralizing antibody, a more dramatic effect on tumor size might be achieved.
Effect of PDGFR-A in alveolar rhabdomyosarcoma E Taniguchi et al study to be a target of the translocation-mediated chimeric transcription factor Pax3:Fkhr, which is found in the majority of alveolar rhabdomyosarcomas (Arndt and Crist, 1999) . We have shown that PDGFR-A overexpression as a protein parallels its mRNA expression and that PDGFR-A has high direct kinase activity. Imatinib, which inhibits Pdgfr-a, has a significant effect on arresting or reversing growth of primary tumors in vivo using our conditional mouse model of alveolar rhabdomyosarcoma. We also evaluated the phosphorylation and activation status of reported downstream intermediates of Pdgfr-a signaling, MAPK and Akt, both in vivo and in vitro in the presence and absence of imatinib as well as Pdgfr-a RNA interference. Phosphorylation of MAPK and Akt intermediates were indeed linked to Pdgfr-a activation, as confirmed by a dose-responsive effect of Pdgfr-a specific siRNA. At the cellular level, Pdgfr-a knockdown was associated with decreased cell survival (increased apoptosis). The implication of Pdgfr-a as an important effector of disease progression was further strengthened by data showing that a Pdgfr-a neutralizing antibody had a similar therapeutic effect to imatinib in vivo. PDGF signaling is mediated by a complex combination of homo-and heterodimeric receptors and ligands (Devare et al., 1983) . We found that mRNA for PDGFR-A and its ligands PDGF-A and PDGF-C were highly overexpressed in human and mouse primary tumors compared to normal skeletal muscle. This result suggested a ligand-dependent autocrine or paracrine loop causing PDGFR-A activation in alveolar rhabdomyosarcoma. The use of shRNA reagents targeting PDGF-A and/or PDGF-C would provide a direct test of an autocrine or paracrine role for these growth factors in the PDGFR-A signaling activation of alveolar rhabdomyosarcoma, and will be the subject of future studies.
The distinction between PDGFR-A and PDGFR-B signaling is increasing with the discovery that PDGFR-A, not PDGFR-B, is localized to and activated in a specialized structure on the cell membrane, the primary cilium, where PDGFR-A can activate MAPK and Akt signaling (Schneider et al., 2005) . We had examined the expression of Pdgfr-b and did not see strong associations with Pdgfr-a expression as one might expect if heterodimeric receptor complexes were predominant (data not shown). Recently, PDGFR-A has been shown to correlate with decreased survival irrespective of PDGFR-B expression (Armistead et al., 2007) . However, imatinib has a broad range of specificity for other receptor tyrosine kinases such as c-Abl, c-kit and others, and we do not exclude the possibility that cell growth inhibition by imatinib in vitro may be partially due to the inhibition of these other receptors. However, cell growth inhibition using Pdgfr-a siRNA suggests that Pdgfr-a is at least a major factor in tumor progression of alveolar rhabdomyosarcoma. Importantly, treatment with a Pdgfr-a neutralizing antibody halted tumor progression of alveolar rhabdomyosarcoma in vivo. In these mouse studies, we injected Pdgfr-a neutralizing antibody at a dose of 1.25 mg/kg twice a week. We speculate that a higher dose of the neutralizing antibody might have induced regression of the tumor to the same extent as treatment of imatinib. However, even if PDGFR-A inhibition did not account for the full effect of imatinib, PDGFR-A blockade should be considered as an important component of a multitarget/combination therapy approach to treating alveolar rhabdomyosarcoma. Given that the cure rate for metastatic alveolar rhabdomyosarcoma has been unchanged for three decades, it is likely that no single molecularly targeted therapy will be sufficient for longterm clinical success.
Recent interesting reports suggest that imatinib antitumor activity may be mediated by enhanced dendritic cell/natural killer cell host immune response. Similarly, an antibody-mediated therapeutic effect might be mediated by a direct cytotoxic immune response. However, at least in this model, immunohistochemistry of untreated non-necrotic (viable) tumor revealed only scattered CD163-positive histiocytes, no lymphocytes and no CD56-positive natural killer cells. The frequency of histiocytes did not change with imatinib or PDGFR-A antibody treatment (data not shown). Therefore, immune modulation does not appear to have played a significant role in the antitumor effect for this set of studies.
In our studies, one-third of mice showed resistance to imatinib. We also observed that imatinib sometimes could not sustain inhibition of metastatic tumor growth, even when the primary tumor continuously responded (Supplementary Figure 1) . This paradigm is not unfamiliar in sarcomas: gastrointestinal stromal tumors (GIST) provide a foundation for understanding imatinib resistance. In GIST, resistance is often mediated by point mutation in PDGFR-A (Heinrich et al., 2003) . We speculate that in rhabdomyosarcoma, PDGFR-A resistance may be mediated by self-activating mutations. Alternatively, resistance may be mediated by activation of parallel signaling pathways as seen in other cancers (Engelman et al., 2007) . These mechanisms are the subject of ongoing studies. In either of these cases, it will be critical to better understand how drug resistance emerges before moving anti-PDGFR-A therapy to clinical trials.
Materials and methods
Human samples
Human muscle and frozen tumor samples were provided by the Cooperative Human Tissue Network (CHTN, Columbus, OH, USA), which is funded by the National Cancer Institute. The tissue samples obtained under an institutional review board-approved protocol have been previously described (that is, Cohort no. 2; Blandford et al., 2006) . Other investigators may have received specimens from the same subjects.
Gene expression analysis
Total RNA was isolated from tumors using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's specifi-cations. The RNA was then purified using the manufacturer's instructions for Qiagen RNeasy miniprep cleanup kit (Qiagen, Valencia, CA, USA), with the included optional step of DNase I treatment. Single-stranded cDNA was generated from total RNA using a cDNA synthesis kit (Fermentas, Hanover, MD, USA) according to the manufacture's instruction. For human samples, TaqMan probes were used for RT-PCR as previously described (Blandford et al., 2006) . For mouse gene expression studies, real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) on an ABI Prism 7500HT sequence detection system following the manufacturer's instructions. Primers used were as follows: Pdgfr-a (5 0 -CCATGCAGTTGCCTTACGAC-3 0 and 5 0 -AGAGCCTGCTTT TCACTAGACC-3 0 ), Pdgf-c (5 0 -GACTGTGCCAGGAAAGCAG-3 0 and 5 0 -GATCTGGC TCTAGGTACCGA-3 0 ) and Pdgf-a (5 0 -GAGATACCCCGG GAGTTGAT-3 0 and 5 0 -TCTTGCAAACTGCAGGAATG-3 0 ). Level of mRNA expression for each gene of interest was normalized to phosphoglycerate kinase (PGK) mRNA expression using the comparative cycle time method (Meijerink et al., 2001) . PGK primers were 5 0 -GAGCCCATAGCTCCATGGT-3 0 and 5 0 -CAGTAGCTTGGCCAGTCTTG-3 0 . 
Immunohistochemistry
Transcriptional reporter assay
Cross-species Pdgfr-a promoter sequence analysis and reporter assays were performed as detailed in Supplementary Materials and Methods.
Immunoprecipitation and immune complex tyrosine kinase assay Control myoblast and alveolar rhabdomyosarcoma cells were lysed in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM Na 3 VO 4 , 1% NP-40, 1 mM PMSF, and 0.1% aprotinin) at 4 1C for 30 min. The lysed monolayer was scraped from plates and centrifuged at 10 000 g for 30 min at 4 1C. The cleared supernatant was used to estimate protein content using the Bio-Rad reagent. An equal amount (100-500 mg) of protein from each sample was incubated with PDGFR-A antibody (no. 3164; Cell Signaling Technology) for 30 min on ice. Protein A sepharose beads were added, and the mixture was rotated at 4 1C for 3 h. The beads were washed three times with RIPA buffer in 2 mM EDTA, twice with 50 mM Tris-HCl, pH 7.4, 0.5 mM Na 3 VO 4 . The immunoprecipitates were then resuspended in 50 mM HEPES, pH 7.4 and 10 mM MnCl 2 , 20 mCi of [g-32 P]ATP and incubated at 30 1C for 15 min. For PI3 kinase assay, the immunoprecipitates are resuspended in PI3 kinase assay buffer (20 mM Tris HCl, pH 7.5, 0.1 M NaCl, and 0.5 mM ethylene glycol-bis (b-aminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid) and 0.5 ml of phosphatidylinositol was added and incubated at 25 1C for 10min. 1M MgCl 2 (1 ml) and 10 mCi of [g-32 P] ATP are added simultaneously to the reaction mixture and incubated at 25 1C for another 10 min. At the end of the reaction, 5 Â sample buffer was added, and the labeled proteins were separated on an SDS gel.
Cell lines and primary tumor cell cultures MEFs deficient of p53, originally generated by Dr DJ Kwiatkowski at Harvard Medical School, were graciously provided by Dr Samy L Habib. For establishment of the mouse rhabdomyosarcoma cell lines, tumor samples were minced into small fragments followed by collagenase treatment (0.5%) overnight at 4 1C. The dissociated cells were incubated in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin (100 U/ml)/streptomycin (100 mg/ml; Invitrogen) in 5% CO 2 in air at 37 1C. Human alveolar rhabdomyosarcoma cell lines (Rh5 and Rh30) were generously provided by the Houghton laboratory at St Jude's Cancer Research Hospital. Human SkMC was obtained from Lonza (Basel, Switzerland).
In vitro growth inhibition assays
Mouse and human rhabdomyosarcoma cell lines were plated at 5 Â 10 3 cells per well in 96-well plates. After 24 h, imatinib was added to the wells. Serial dilutions were made to span the range from ineffective concentrations to maximally effective concentrations. siRNA against mouse Pdgfr-a was purchased from Dharmacon Research (Lafayette, CO, USA; no. LQ-048730-00). siRNA against human PDGFR-A was purchased from Qiagen (no. SI02659699). Transient transfection of siRNA was carried out by using Lipofectamine 2000 (Invitrogen). Nontargeting siRNA (no. D-001810-01; Dharmacon Research) was used as a control. After cells were incubated with imatinib or siRNA for 72 h, cytotoxic effects were assessed using CellTiter-Glo Luminescent Cell Viability Assay system (Promega, Madison, WI, USA) and SpectraMax M5 luminometer (Molecular Devices, Sunnyvale, CA, USA).
Anchorage-dependent colony formation assay C2C12 and mouse rhabdomyosarcoma cell lines were plated at 5 Â 10 2 cells per well in six-well plates. After 24 h, the indicated concentrations of imatinib or Pdgfr-a siRNA were directly added to the medium or transfected by using Lipofectamine 2000, respectively. After the cells were incubated with imatinib or siRNA for 8 days, colonies were fixed with methanol, treated with Giemsa stain and counted.
Mice
All experiments with animals were in accordance with institutional IACUC-approved protocols. Generation of the conditional knockout mouse model for alveolar rhabdomyosarcoma was previously described (Keller et al., 2004a) . The mouse models show 100% penetrance of tumor development (average disease-free survival is 4.5 months in mice with p53 mutation, 4-7 months in mice with Cdkn2a mutation; unpublished data). The length, width and depth of palpable Effect of PDGFR-A in alveolar rhabdomyosarcoma E Taniguchi et al tumors were measured with Vernier calipers. Tumor volumes (cm 3 ) were calculated from the formula (p/6) Â length Â width Â height, assuming tumors to be spheroid. Imatinib (Novartis, Basel, Switzerland) was administrated to tumor-bearing animals at a dose of 50 mg/kg daily by oral gavage. Goat antiPdgfr-a neutralizing antibody (AF1062, R&D Systems, Minneapolis, MN, USA) or its matching control, normal goat IgG antibody (AB-108-C, R&D Systems), were treated at a dose of 1.25 mg/kg twice a week by intraperitoneal injection.
Statistical analysis
We used Dunnett adjusted t-tests for statistical significance of both expression analysis and in vitro assay. Po0.05 is considered statistically significant. Unless otherwise specified, all data are presented as mean ± s.d.
